Corrosion behaviors of Precoated sheets for automobiles were studied basically. Weight loss of unpainted specimens, paint adhesion and perforation resistance were measured. Corrosion of unpainted sheet in a salty environment is cathodically controlled. Cathodic reactions are retarded effectively by corrosion products with a low electrical conductivity, such as Zn(OH)2 and ZnC12.4Zn(OH)2.
I. Introduction Many reviews and investigation results have been published on the conditions and causes of automobile body corrosion.i-4)
When it is classified into cosmetic and perforation according to the Canadian Code promulgated in 1977, these two types of corrosion may be summarized as described below. Cosmetic corrosion is an appearance defect and becomes a problem in normally visible car body areas, such as the outside of the body and the inside of the doors and hood.
In this corrosion, red rust first forms at scratches or other paint film defects. Then, there exist blisters and peeling off. This can be classified into three phenomena.
The first phenomenon is a local cell corrosion in which the paint defect operates as anode and the steel substrate beneath it serves as cathode.
The paint peels off at the cathode and red rust develops at the anode.
The second is that of rust laterally extending beneath the paint and pushing it up. This is referred to as scab corrosion.2~ Filiform corrosion is also included5~ and chloride ions and humidity in a given range take part in it.
The third is physical peeling of wet film under an external force.4~ Paint film chipping is another type of cosmetic corrosion and is classified into nonstone chipping, soft chipping and hard chipping.6) Perforation mainly takes place in automobile body areas where paint is difficult to reach and water, salt, mud, rust and other foreign matters are likely to accumulate.
For example, doors, rocker panels and other tubular components as well as hood, quarter panels and other jointed components. And in body areas that are exposed to splashes of salt-containing mud water, such as fenders and wheel houses.l,4~ Differential aeration cells arise from the accumulation of such foreign matters and corrosion progresses from the inside of the body.4) As described above, automobile corrosion takes too many forms and involves too many causes to be simply handled. The corrosive environment is extremely severe in the underbody areas on which salt-containing mud water deposits. This type of corrosion has been diminished by the application of cathodic electrodeposition paints in place of anodic paints, by the switch from spray to dip chemical conversion coatings and by the adoption of Zn-coated sheets and various other metal-coated sheets.7~ As long as there are automobile parts, like tubular components, that cannot be thoroughly coated with paint or chemical conversion coating, the use of metal-coated sheets is indispensable and their percentage in the automobile weight is expected to increase further in the future. Formerly, hot-dip galvanized sheets were mainly used as metal-coated sheets. Since they have poor formability because of high-temperature treatment and poor weldability because of heavy Zn coating, there have been developed galvannealed sheets, Zn-alloy electroplated sheets and weldable prepainted sheets.7~
These new coated sheets are variant in corrosion resistance. This paper discusses the corrosion behavior of precoated sheets for automotive use under three separate items : (1) unpainted sheets, (2) painted sheets and (3) perforation resistance.
II. Corrosion Resistance of Unpainted Sheets
Automobile assembling and painting processes slightly vary from one automaker to another. Some automotive components are very difficult to apply chemical conversion coatings or electrodeposition paints. While precoated sheets are often used without sealing or other corrosion control treatment. In this respect, corrosion resistance in an unpainted condition is an important property of such sheets.
Various alloy and composite coated sheets have been investigated or commercialized for automotive as well as for other applications. There are no definite theories concerning the corrosion control mechanism of these sheets. Only a protective action mechanism$~ of nickel-enriched surface layer formed by dezincification is proposed for Zn-Ni alloy coatings. ** And the cathodic reaction inhibiting effect9-11) of hydroxide films of Co, Mo and Al is suggested for ZnCo-Mo and Zn-Al composite coatings. The development of new alloy compositions has been carried out mainly by trial and error.
The authors found that the film of Zn(OH)2, a corrosion product, is effective in suppressing the oxygen reduction reaction, and studied the corrosion control mechanism of alloy coated sheets. Typical Precoated sheets were investigated in an unpainted condition by salt spray test, cyclic corrosion test and dip & dry test.
Experimental Procedures

Preparation of Synthetic Rust
Zn(OH)2 precipitates containing about 10 % by weight of alloying elements, Al, Mg, Ni, Co, Fe and Mn were synthesized according to the method of Okada et al.12~ The procedure is shown in Fig. 1 . The precipitate was filtered, heated at 150 °C for 1 hr and examined for crystal structure by X-ray diffraction.
Identification of Corrosion Products
Zinc-alloy coated sheets listed in Table 1 were exposed to salt spray test. Immediately after 48 hr or 72 hr exposure, corrosion products formed on the specimen surfaces were investigated by an X-ray diffraction technique.
Evaluation of Corrosion Resistance
The zinc-alloy coated sheets of Table 1 were salt spray tested. Before red rust was formed, the specimen was removed from the testing apparatus and stripped of corrosion products of coating layer in a 80 °C, 20 % CrO3 solution. The corrosion rate per unit time was calculated from the weight loss.
Precoated sheets shown in Table 2 Table 3 . Then, the corrosion products of both coating layer and base steel were removed in a 70 to 80 °C, 5 % H2SO4 solution containing an inhibitor to measure weight loss. The reverse surface and edges of each specimen were sealed with an epoxy-based sealing compound before the test.
Measurement of Cathodic Polarization
The Zn-Ni alloy coated sheet and electrogalvanized sheet of Table 1 were salt spray tested for 48 hr to form corrosion products. Then their polarization curves were measured by the potential sweep method (110 mV/min) in a 50 °C air-saturated 5 % NaCI solution.
Experimental Results and Discussion 1. Corrosion Control Mechanisms of Alloy Coated Sheets
The corrosion reactions of zinc can be expressed as When zinc coating is corroded, Zn(OH)2 first forms by reaction (1). [ZnC12.4Zn(OH)2 in environments containing C1 ions, like salt spray] and covers the surface. Since its electrical conductivity is low, Zn (OH)2 retards the oxygen reduction reaction (3) and therefore, is effective in suppressing the reaction (1). Zn(OH)2, however, is dehydrated into ZnO by the reaction (2). ZnO is an n-type semiconductor and thus, is less effective in suppressing the reaction (3), thereby allowing the progress of corrosion. If the reaction (2) is inhibited, the corrosion can be retarded.
Results of X-ray diffraction analysis of synthetic rusts to which Al, Mg, Ni, Co, Fe and Mn were added are given in Table 4 .
The synthetic rust containing Al, Mg, Ni, Co and
Mn is composed of Zn(OH)2. When compared with that of pure Zn which is ZnO, these alloying elements can be said to be effective in retarding the reaction (2) and stabilizing Zn(OH)2. Zn-coated sheets were 48 and 72 hr salt spray tested and the corrosion products were identified by X-ray diffraction. The results obtained are given in Corrosion of the coating layer determined by the salt spray test is also given in Table 5 . The weight loss of Zn-Al, Zn-AI-Mg, Zn-Ni and Zn-Ni-Co alloy coated sheets that are considerably effective in stabilizing Zn(OH)2 is less than one-fourth compared with that of the galvanized sheet. And the Zn-Fe-Mg and Zn-Mn alloy coated sheets are one half smaller in weight loss. This clearly indicates that when the Zn(OH)2 compound is more difficult to change into ZnO, the sheet is more corrosion resistant. The weight loss of the Zn-Fe alloy coated sheet is one half of that of the galvanized sheet. This cannot be explained by the Zn(OH)2 stabilizing theory. It is supposed that Fe ions which exist in ZnO may lower the electrical conductivity of ZnO •13) The Zn-Ni alloy coated sheet and galvanized sheet were salt spray tested for 48 hr and then their cathodic polarization characteristics were measured in a 5 % NaCI solution. The results are shown in Fig. 2 . The oxygen reduction current of the Zn-Ni alloy coated sheet is lower than that of the galvanized sheet. The surface of the alloy coated sheets containing Al, Mg, Ni, Co and Mn is covered by Zn(OH)2 of low electrical conductivity formed by the corrosion. Therefore the oxygen reduction reaction, a cathodic reaction, is retarded and a good corrosion resistance is imparted.
Corrosion Resistance of Sheets in Unpainted Condition
Test results of unpainted sheets are shown in Fig.  3 . Their corrosion behavior somewhat varies with the test methods employed. The difference in weight loss between the coated sheets and cold-rolled sheet is two times at most under SST and CCT, but is at Zn(OH)2 stabilizing elements. 
Summary of Results
(1) The synthetic rust of Zn containing Al, Mg, Ni, Co and Mn takes the form of Zn(OH)2 and does not readily change into ZnO.
(2) The corrosion products formed on the Znalloy coated sheets containing these alloying elements in salt spray test take the form of Zn(OH)2 and do not readily change into ZnO.
(3) The Zn-alloy coated sheets containing these alloying elements have good corrosion resistance, because they are covered by a stable Zn(OH)2 film, which retards the oxygen reduction reaction.
(4) This fact has been confirmed by the cathodic polarization behaviors of the Zn-Ni alloy coating.
(5) The Zn-alloy coated sheets containing Ni and Co exhibit excellent results in the unpainted condition, not only under SST but also under CCT and D&D.
(6) W2 and ZM have organic coating films and show good performance in the unpainted condition. This is due to their barrier effect.
III. Corrosion Resistance of Painted Sheets
The corrosion preventive action of unpainted Zncoated sheets is mainly due to the suppression of the oxygen reduction reaction by dense corrosion products, as discussed above. When a Zn-coated sheet with good corrosion resistance in an unpainted state is conversion coated, it does not necessarily provide an optimum surface for painting. During the further electropainting process, the surface coating (zinc coating and phosphate crystals) are expected to be dissolved. Unlike anodic electrodeposition, cathodic electropainting was believed to involve no substrate dissolution, because the sheet surface becomes the cathode. Anderson et al., however, pointed out that the substrate is also dissolved in cathodic electropainting by alkalies formed at the interface.l4~ Taking a particular notice of this fact, this chapter tries to clarify the factors that govern corrosion under the paint film. The action of alloying elements on the interfacial reaction during cathodic electropainting is studied.
Experimental Procedures Test Materials
The cold-rolled sheet (SP), hot-dip galvanized sheet (GI), galvannealed sheet (AS), Zn-Ni-Co alloy electrogalvanized sheet (ZL) and Zn-Fe alloy electrogalvanized sheet (EL), all listed in Table 2 , were used as test materials.
Chemical Conversion Coating
Two commercial zinc phosphating solutions (Bt 3030 and Bt 3004 of Nihon Parkerizing Co., Ltd.) were used. 
Electropainting
A commercial cathodic electropaint (Power Top U-30 of Nippon Paint Co., Ltd.) was used. To analyze the interfacial changes during painting process, the critical time (T0) for electropainting to start was measured by the galvanostatic method.15~ In addition to that electrodeposition to a thickness of 20 j m was carried out by the conventional potentiostatic method to evaluate the paint film.
Measurement of Phosphate Film Porosity
The change in the porosity of the phosphate film during cathodic coating was measured by two methods. In one method, the electrodeposited paint was stripped with an organic solvent. Immediately after electrodeposition (before baking), the deposited paint was removed by immersion in methyl ethyl ketone for several minutes and subjected to ultra sonic washing. Then the specimen was immersed in 0.1 % CuSO4 solution for 1 min at room temperature.
The Cu deposition at the pores was measured by scanning electron microscope. Another method involved measuring the change in the critical time.l5~ It is known that the relation i0 ~1T= YK holds for galvanostatic electrodeposition,15~ where io is applied current density, T,, is critical time for deposition. K is a constant that depends on the dissociation of paint molecules. After phosphate coating, the TT,, value becomes shorter and slightly varies with the electrodeposition current density. This is because the current can flow only through pores in the phosphate film and the true current density is higher. This fact can be utilized to determine the porosity as shown below. When the area percentage of porosity is denoted by S, the true current density is i0/S. Let T' be the critical time in this case. Then, S is given by the following equation (4) io ~/TT~ = is/S ~/T~, S = . mh/T; (4)
Wet Adhesion Test
After the primer was coated by the potentiostatic method to a thickness of 20 pm, an alkyd resin paint was applied as intermediate and top coats to a thickness of 30 pm each.
The paint-coated sheets were immersed in 40 °C distilled water for ten days. As soon as they were removed out of the water, they were cross-hatched at 2-mm spacings and tape peel tested.
For the purpose of comparison, immersion tests in NaCI solutions in air or deaerated with N2 were also carried out.
Salt Spray Test
The electropannted test sheets were each scribed with an X, salt spray tested for four weeks and rated on a five-point scale according to the tape-peeled area of the paint film at the X scribe.
Experimental Results and Discussion 1. Change in Phosphate Film during Electropainting
The precipitation reaction of the cathodic paint is the neutralization of OH-ions formed at the electrode (sheet) interface by the electrolysis of water with resin amine ions. The reactions are shown below.
where, RNH3 : resin amine ion.
It has already been proved that the pH value at the interface reaches close to 12.15) With such a high pH value, the phosphate film and the underlying zinc coating are partially dissolved to cause coating defects. Photograph 1 shows the change in pores in phosphate crystals as measured by the copper precipitation method during the cathodic coating. The specimen is a hot-dip galvanized sheet without chromate sealing after the phosphate treatment. Numerous pores which have existed before electrodeposition are enlarged by electrolysis, and the phosphate crystals are partially missing or dissolved. The phosphate film must have not only a dense structures, but also high alkali resistance. The substrate, zinc-alloy coated sheet, beneath the phosphate layer also should not dissolve in alkaline solutions with a pH of about 12. Figure  4 (979) phosphophyllite is more resistant to alkalies than hopeite. This is one reason why it is an excellent chemical conversion coating material for cathodic electropainting. Similar results are already reported by other workers.l6~ 2. Effect of Zinc-alloy Coating on Corrosion under Paint Film It is well-known that in a corrosive environment an extremely alkaline condition (pH of 12 to 13) is realized beneath the paint film as a result of the oxygen reduction reaction: 202+2H2O+2e --> 20H-.
In the cathodic electropoating process, a similarly alkaline condition already develops and accelerates the defects formation in the phosphate film as mentioned previously. The blistering of the paint film in a salt spray atmosphere largely depends on the tightness of the underlying phosphate crystals. The quality of the phosphate was evaluated after being changed by electropainting. The pinhole area percentage (S) was calculated from the critical time by using Eq. (4). Results were plotted in Fig. 5 . Figure 5 shows that as the critical time, in other words the time to reach a given alkaline concentration, becomes longer, the pinhole monotonously increases in quantity for SP and GI. But it decreases in quantity for the Zn-alloy coated sheets, AS, ZL and EL. The latter sheets have the poreblocking effect, probably because metallic ions, Fee, Nit+, etc., once dissolved in the alkaline solution, form hydroxides and precipitate, as disclosed in the previous report.18} This repairing effect is one of the principal characteristics of the Zn-alloy coated sheets. Figure 6 shows the relationship between the average porosity and SST blister area of various Zn-coated sheets with different chemical conversion coatings. It is demonstrated that the SST resistance of painted sheets primarily depends on the defect area percentage after electropainting. The difference in corrosion behavior of specimens with the same defect area percentage may be attributed to the difference of reactions between corrosive substances, e.g., chloride ions and substrates.
Wet Adhesion of Paint Film on Zinc-alloy Coated
Sheets Wet adhesion of the paint film is said to correspond to apparent rust formation (chipping corrosion) that is caused by the impact of stones against the auto- Figure  7 shows the effect of NaCI concentration and dissolved oxygen for SP.17) Wet adhesion is the poorest in distilled water.
As the NaCI concentration increases, the paint becomes more difficult to peel off.
This indicates that it is affected by the difference in water absorption due to the osmotic pressure across the paint film.
Since it does not appreciably change when air in the solution is replaced by N2, it can be said that the corrosion that proceeds under the paint has only a small influence.17~ Figure 8 shows the relation between wet adhesion 
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Summary of Results
(1) Corrosion under the paint film is greatly affected by the nature of the phosphate film. During cathodic coating, the phosphate crystal is partly dissolved by the high pH of the interface and increases in defects.
(2) The Zn-Fe and Zn-Ni-Co alloy coated sheets have the function to repair defects during electropainting. This is probably because iron or nickel hydroxides deposit and fill up the pores.
(3) The defect area of the phosphate film after electropainting is closely correlated with the corrosion resistance in salt spray test .
(4) The wet adhesion is directly influenced by the water absorption of the paint film due to the osmotic pressure across the paint. The difference in wet adhesion is mainly due to the difference in the solubility of Zn coating and chemical conversion coating in the alkaline solution during electrodeposition. The dissolution of the coatings not only weakens the bonding force between the paint film and the underlying coating, but also encourages the permeation of water due to the soluble salt occlusion in the film.
IV. Perforation
Resistance of Coated Sheets
The perforation corrosion of automotive sheets is largely affected by the structure of car bodies. Ideally it should be evaluated by actual car driving tests. However such tests are impossible to perform for steelmakers.
The authors designed a large scale corrosion simulator for testing automobile components and evaluated the perforation resistance of actual doors. Since perforation results from corrosion by differential aeration cells, jointed panel specimens were also laboratory tested under combined corrosive environments to simulate this type of corrosion.
Experimental Procedures Test Materials
The cold-rolled sheet (SP), galvannealed sheet (AS), hot-dip galvanized sheet (GI) and Zn-Ni-CrFe alloy coated sheet with primer (W2) shown in Table 2 were used as test materials.
Large Scale Corrosion Simulation Test
A box with a door attached on each side was mounted as test specimen on the large scale corrosion simulator and was exposed to a corrosive environment composed of salt spray, drying, humidifying, dewing and freezing. The test sheet was built into the door as the outer panel, having the test surface looking inside, and the door was conventionally painted. Coldrolled sheets were used except for the outer panel. The door was most heavily corroded at the bottom (981) hem. After six weeks of exposure, it was disassembled, removed of rust by acid pickling and measured for the maximum depth of corrosion with a point micrometer.
Jointed Panel Corrosion Test
A jointed panel specimen for perforation test is illustrated in Fig. 9 . The test sheet and SP jointed with a gap of 0.5 mm were phosphated (Bt 3004) and electrocoated with 20 pm of cathodic paint. The paint thickness was 20 pm on the outside, decreased in the gap and was 0 pm at the center of the gap. With all the areas except for the jointed surfaces sealed with an epoxy-based paint, the specimen was exposed to a combined corrosion test described below. After six weeks of exposure, it was disassembled, removed of rust by pickling and measured for the maximum depth of corrosion and corrosion area (total area of corrosion weight loss). For the purpose of comparison, plain sheet panels were electrocoated with 20 pm of cathodic paint, scratched with an X and tested under the same conditions. After a certain time of exposure, the maximum corrosion depth at the X scribe was determined.
Combined Corrosion Test Conditions
The combined corrosion test conditions were determined with reference to the cyclic corrosion test conditions published by many authors.2,19-21) The environment to which the automobile body would be exposed in a snow belt region could be adequately simulated in the following conditions. One test cycle consisted of salt spray at 35 °C for 4 hr, drying at 60 °C and 60 % relative humidity for 1 hr, humidifying at 49 °C with over 95 % relative humidity for 2 hr, dewing at 49 °C with over 95 % relative humidity for 1 hr (water cooling of the rear of the specimen) and freezing at -20 °C for 1 hr. In order to study the effect of each step in the test cycle on corrosion, plain panels of SP and GI were tested with each step omitted one by one and their resultant weight loss was measured.
Experimental Results and Discussion 1. Maximum Depth of Corrosion
The maximum depth of corrosion measured after six-week exposure is shown in Fig. 10 . In the large scale corrosion test, the maximum corrosion depth was 0.46 mm for SP and 0.26 mm for AS. The maximum depth in the jointed panel test was 0.39 mm for SP and 0.25 mm for AS. In the plain panels test with an X scribe, the maximum depth was 0.65 mm for SP and only 0.05 mm for AS.
The large scale corrosion test agrees well with the jointed panel test, but poorly with the plain panel test in the value of maximum corrosion depth and in the comparison between SP and AS. This suggests that jointed panels should be used as specimens for perforation tests on a specimen basis. When a jointed panel is disassembled after exposure to a corrosive environment, green rust that is partly composed of bivalent iron ions is recognized immediately after the disassembly. As the panel is exposed to the atmosphere, the green rust is oxidized into brown rust with many trivalent iron ions. Therefore it is presumed that the inside of the joint was exposed to an oxygendeficient condition, supporting the formation of a differential aeration cell. The plain and X-scribed specimen, on the other hand, do not form any differential aeration cell and do not agree with the large scale test in the corrosion rate. SP and AS in Fig. 11 . Corrosion of SP, AS, W2 and G2 in the cyclic corrosion test using jointed panel specimens after 6 week exposure.
Transactions ISIJ, Vol. 23, 1983 The jointed panel test results of various sheets are given in Fig. 11 . When compared by the maximum depth, GI is the best, followed by W2, AS and SP in that order. When local corrosion protection methods with sealer or wax is not used in car bodies, the Zn coated sheet with more coating weight is more resistant against perforation. W2, which is a primercoated sheet, does not fit the Zn coating weight order. The electro Zn-alloy coated sheets are now under study.
Effect of Each Step in Combined Corrosion Test
Weight loss of unpainted SP and GI sheets was investigated by the combined corrosion test. To determine the effects of individual test steps, the test sheets were corroded under test conditions with the steps eliminated one by one. The results are given in Figs. 12 and 13. Figure 12 shows the test results of SP. The weight loss of SP sharply decreases when salt spray is eliminated from the standard conditions, but changes little when any other step is omitted. In other words, the action of salt spray is very strong, and drying, humidifying, dewing and freezing are less effective singly. However, the weight loss in the salt spray test alone is only about one-third of that in the standard combined test, as shown in Fig. 12 . This indicates that although salt spray is very corrosive, the combination with the other test steps has a large effect.
The test results of GI are shown in Fig. 13 . Unlike SP, the corrosion of GI is greatly affected by drying, humidifying and freezing as well as by salt spray.
The result that salt spray has the largest effect closely agrees with the fact that car body corrosion arises from the use of de-icing salt. The drying, humidifying and freezing steps which the automobile is considered to encounter accelerate its corrosion, when combined with salt water. It is well known that in a snow belt region, an automobile kept in a heated garage corrodes two to three times faster than when parked outdoors.3~
The above results support the validity of using a combined environment of salt spray, drying, humidifying, freezing, to simulate the actual corrosion of car bodies.
Summary of Results
(1) The maximum corrosion depth determined by the six-week large scale corrosion test was 0.46 mm for SP and 0.26 mm for AS. These results agree well with those of the jointed panel test, but differ from those of the plain panel test. Therefore, jointed panels should be used as specimens for perforation tests.
(2) In the perforation test with jointed panel specimens, GI showed the best performance, followed by the W2, AS and SP in that order. Zn coating weight and prepainting largely affect the corrosion resistance of automotive sheets.
(3) Of the combined test conditions, salt spray exerts the largest effect. Drying, humidifying and freezing steps which the car body is expected to encounter accelerate the corrosion in combination with salt water.
V. Conclusion
Various Zn-alloy-coated sheets and primer-coated sheets are now developed and commercialized as precoated sheets for automobiles. The characteristics required of these sheets are corrosion resistance in unpainted and painted conditions and perforation re- 
sistance. The authors have conducted fundamental researches on each of these properties. The corrosion of unpainted sheets in a salty environment is cathodically controlled and the cathodic reaction involved is usually the reduction of oxygen. Therefore, a Zn-alloy that forms a corrosion product film with a low electrical conductivity suppresses the oxygen reduction and shows a good performance in an unpainted condition. Such corrosion products include Zn(OH)2 and ZnC12.4Zn(OH)2. These products are formed on the surface of the Zn-alloy added with Al, Mg, Ni, Co and Mn. Primer-coated sheets with an organic film that has a high oxygen barrier effect also gives good results in an unpainted state.
The corrosion behavior of the painted sheets greatly depends on the nature of the underlying phosphate film. During cathodic electrodeposition, the pH at the sheet surface rises close to 12. At such a high pH a part of the phosphate film dissolves to cause film defects and to lower the paint adhesion. On Zn-Fe and Zn-Ni alloy coated sheets, on the other hand, iron and nickel hydroxides precipitate during electrodeposition and repair the defects. Zn-coated sheets with less defects in the phosphate film after electrodeposition demonstrate excellent corrosion resistance.
Perforation is caused at sheet joints and other areas of car bodies where differential aeration cells form and operate. With combined environmental tests using jointed panel specimens perforation corrosion resistance can be satisfactorily evaluated. Heavily Zncoated sheets and primer-coated sheets are highly resistant against perforation. The environmental factor that most greatly affects the weight loss is salt water. The drying, humidifying and freezing steps also accelerate the corrosion in combination with salt water. 
